Advantages: The arteries and veins are easily accessible for sampling, injection or pressure measurement. Substances can be infused into the brachial artery at a rate and dosage sufficient to cause large changes in the circulation through the forearm without disturbing the circulation to the body as a whole. The nerves are easily blocked, and there are a fair number of people about with normal vessels whose arms have been sympathectomized for hyperhidrosis or unfortunately denervated in accidents. It is easy to expose the forearm to varying local temperatures, and to local pressures above or below atmospheric. It contains by volume about 60% of muscle and only about 13% of skin (Abramson & Ferris 1940 . It is a paired organ. Both forearms are normally perfused with blood of identical composition and at the same pressure: both are subject to the same nervous influences. Therefore, while one forearm is subjected to special treatment the other can be observed as a control, so that allowance can be made for any general disturbances of the circulation when the results of the local treatment are interpreted. Finally, the total forearm flow is easily, reliably and quickly measured, as often as six times a minute, by venous occlusion plethysmography (Greenfield 1960) .
Limitations: The precision of many observations would be improved, and many others would become possible, if the forearm were supplied by a single artery, if the blood from the skin drained into a single vein and that from the muscles into another, and if these veins then united to provide a sampling point for mixed venous blood. fortunately material, and particularly perhaps vasodilator substances, injected into the brachial artery is not usually distributed uniformly to all parts of the forearm, and while some veins receive blood mainly from the skin and others mainly from the muscles, the sources of blood in the various veins almost certainly vary with the state of the circulation through the forearm. The circulation through the skin and the muscle of the forearm may not respond and react in the same way as that in the skin and muscle in other areas in the body.
I now propose to give three examples of ways in which, during recent years, observations on the forearm have illuminated our understanding of the regulation of the circulation.
(1) The Control ofBody Temperature It has been known for twenty-five years that when a person is heated, the blood flow increases through the forearm as well as through the hands and feet. In 1938 Grant & Holling showed that there are active vasodilator nerves to the skin of the forearm. When they heated a subject (the circulation to the hand being arrested to exclude disturbance from venous blood returning from the hand) there was a rise in temperature over normally innervated areas of the skin, but not over the areas of skin rendered anesthetic by blocking the ulnar nerve. The rise in temperature indicating vasodilatation, therefore depended on activity in the nerves. Subsequent observations did not settle the question whether the skin vessels alone participate in the vasodilatation in the forearm or whether the muscle vessels also participate, until seventeen years later. It was then established that the increase in flow is confined to the skin, and that the muscle circulation remains almost or completely unchanged. We will now examine one of the pieces of evidence for this statement. Roddie et al., 1957a, by kind permission) wrapping him in blankets and immersing the feet in hot stirred water. When he became hot, his total forearm blood flow increased.
To follow the changes in the skin and in the muscle circulation, fine catheters were inserted, in the manner devised by Dr Mottram, into deep and superficial veins, the former draining mainly muscle, the latter mainly skin. When the subject was heated, the oxygen saturation of the venous blood coming from the skin was greatly increased, but that of blood coming from the muscles was practically unaltered. If it is assumed that the oxygen consumption of skin and muscles remained substantially unchanged, this result indicates a greatly increased circulation through the skin, and an unaltered circulation through the muscles.
Other observations on the forearm by Edholm et al. (1956) and on the calf of the leg by Barcroft et al. (1955) , using quite different techniques, led to the same conclusion.
At the end of the experiment in Fig 1 the nerves to the forearm were blocked. The total forearm blood flow was unchanged, but the venous oxygen saturations indicate a reduction in skin blood flow and an increase in muscle blood flow. Evidently, in the heated subject, the nerves to the skin were actively causing vasodilatation, as shown earlier by Grant & Holling (1938) . The nerves to the muscle, on the other hand, were exerting a vasoconstricting influence, which body heating had failed to inhibit.
It is not possible to say, from the results of such an experiment, whether the increase in blood flow through the skin of the forearm is due entirely to nervous influences, or whether, in the heated person, a change in the pressure, quality or composition of the blood may be partly responsible. A further experiment ( Fig 2) clears up this question, and makes a further point about the increase in blood flow through the skin of the forearm when a person is heated. Blood was withdrawn from superficial veins of both forearms. The nerves to one forearm were blocked, and the oxygen saturation increased on that side. This indicated that, in the initially cool subject, there was activity in vasoconstrictor nerves to the skin.
The subject was then heated. The venous oxygen saturation remained unchanged on the nerveblocked side. Evidently any changes in the forearm circulation cannot be explained by changes in the pressure or composition of the blood. In the normal forearm, the venous oxygen saturation first increased to equal that in the blocked arm; this increase probably indicates a removal of vasoconstrictor activity. It next increased to above the level in the blocked forearm. This indicated active vasodilatation. The increase from 85 % to 96% saturation is not, at first sight, impressive, but it implies a very great increase in blood flow. The venous saturation, can, of course, only approach the arterial, however great the blood flow may be.
There is now an accumulating body of evidence to connect the vasodilatation in the skin of the forearm with sweating. The work of Fox & Hilton (1958) makes it very probable that the vasodilatation is in fact due to the release of the very active vasodilator substance, bradykinin, from the sweat glands. The nerves concerned are primarily sudomotor rather than vasomotor. Whether there are also directly acting vasodilator nerves is not yet clear.
We may summarize by saying that during body heating the muscle circulation is little changed in the forearm. The first small increase in skin '185 Section ofExperimental Medicine and Therapeutics 547 circulation is due to withdrawal of vasoconstriction activity. The second and larger increase is due to active vasodilatation, probably secondary to sweat gland activity.
(2) Reflex Regulation of Vasoconstrictor Nerves to Muscle We have seen that there are vasoconstrictor nerves which normally exert a moderate vasoconstrictor effect on the blood vessels of the muscles of the forearm. There is plenty of other experimental evidence to support this conclusion. This vasoconstriction is removed by blocking the nerves, but is unaffected by general heating of the body. The question arises as to its normal purpose, and its normal reflex control. One answer to this question has been given by Roddie et al. (1957b) . They observed that while the legs of a recumbent subject were raised, there was a considerable increase in the blood flow through the forearm (Fig 3) . Measurements of oxygen saturation in venous blood indicated that the increase was through the muscles, not the skin (Roddie et al. 1956) . Other experiments showed that the increase in flow is up to the level obtained by nerve block, and can therefore be accounted for by reduction in activity of the vasoconstrictor nerves. The increase in forearm flow was prevented if the circulation in the legs was arrested by a cuff while they were lifted up. This suggested that the effective stimulus was the influx of blood from the raised legs to the trunk or head. In agreement with this, the increase was greater when the legs and pelvis were raised, than when the legs alone were raised. Venous cuffing of the neck, to congest the venous system in the head, had no effect. This suggested that the stimulus was accumulation of blood in the trunk. This conclusion was reinforced by the finding that negative pressure breathing reproduces the effect of leg-raising (Blair, Glover &Kidd 1959) . arterial pressure. This suggested that a raised central venous pressure is the effective stimulus, and this view was reinforced by the further finding that carotid arterial occlusion provoked scarcely any change in forearm vascular resistance, although it caused conspicuous reflex changes in heart rate (Roddie & Shepherd 1957) .
It therefore seems likely that the vasoconstrictor control of muscle blood vessels is reflexly regulated by changes in central venous pressure.
Such adjustments are probably of importance in hemorrhage and perhaps in other conditions.
(3) Response to Emotional Stress of Vasodilator Nerves to Muscle Vasodilator nerves to muscle blood vessels have been described in various animal species, and in the last fifteen years Folkow & Uvnas (Eliasson et al. 1951 , Uvnas 1954 and their colleagues in Sweden have demonstrated that electrical stimulation of areas of the cerebral cortex and of the brain-stem is capable of provoking a profound vasodilatation in voluntary muscle, mediated through the sympathetic outflow and blocked by atropine. This system, however, is unaffected by stimulation of the baroceptor nerves, and other nerves which affect the vasomotor centre and provoke reflex changes in the vasoconstrictor outflow. No afferent pathway capable of reflexly affecting the vasodilator system was found.
It was, however, observed by Abrahams & Hilton (1957) that in conscious unanesthetized cats electrical stimulation of areas of the brain that excite the muscle vasodilator system causes extreme agitation and all the signs of an emotional disturbance. This observation suggested to us that perhaps emotional stress was the effective natural stimulus for activating the muscle vasodilator system. Up to two years ago the only evidence for muscle vasodilators in man was the observation of Barcroft & Edholm (1945) that during posthaemorrhagic fainting the blood flow is, on average, greater through the intact than through the nerve-blocked forearm. It seemed worth while to test for muscle vasodilator nerves during emotional stress.
It has been know for twenty-five years that emotion causes an increase in total forearm blood flow, but the relative contributions of nervous and humoral control have not been defined. Fig 4 shows an experiment in which the blood flow through the hand, and also that through the whole forearm, was measured, and the subject was emotionally stressed. This was done by carefully devised suggestion that there was a severe leak of blood round the arterial needle which had been placed in the brachial artery for pressure measurements. The total forearm flow increased to a high level, much higher than is caused by nerve block, and of the order seen immediately after exercise of the forearm muscles. The arterial pressure was little changed, so there was clearly an active vasodilatation, of either chemical or nervous origin, and in either skin or muscle or both. The venous oxygen saturation was increased in the deep veins, but unaltered in the superficial veins, during the emotional stress. This showed that the vasodilatation was almost certainly confined to the muscle circulation.
Observations were made on a patient with normal vessels who had had a unilateral sympathectomy (by Mr T J Wilmot of Omagh) for Meniere's disease. The dilatation was confined to the innervated forearm, and therefore appeared, in this case at least, to be of nervous and not of humoral origin. The final question was whether the vasodilation was due to reduction of activity in vasoconstrictor nerves, or to an increase in activity in vasodilator nerves. This has already been partially answered by the observation that the flow may rise above the level caused by nerve block. To provide an independent check, atropine was infused into one brachial artery; given in this way it exerts its action mainly in the injected limb, and has relatively little action elsewhere. On now starting the emotional stress, the response was seen to be much reduced on the atropinized side. This indicated that the response was at least partially, and possibly wholly, mediated by a cholinergic mechanism. This conclusion is in agreement witb that reached by other workers, notably Barcroft et al. (1960) . We can at present only speculate on the frequency with which this mechanism is activated in normal life, and on the advantages it may confer in meeting emergencies.
These three examples serve to show some of the ways in which the forearm may serve to analyse the way in which the circulation to skin and muscle is controlled, and the reflex stimuli determining the control.
It is unfortunate that, with the exception of the calf of the leg, the circulation to muscle in other areas cannot be as simply and precisely studied as that in the forearm. We are therefore, in the main, unsure whether or not the behaviour of the forearm is typical of that of muscle as a whole. We provisionally presume that it is, but this remains to be tested.
Dr R F Mottram (Oxford) and Professor W J H Butterfield (London)
The Human Forearm as a Preparation for Metabolic Investigations Skeletal muscle accounts for 30-40% of body weight; its metabolic activity is thus an important fraction of that of the whole body. The veins of the human forearm are so arranged that it is easy to obtain samples of the blood leaving the muscle masses, without gross contamination with effluent blood from other sources. The measurement of A-V differences across the muscle, together with that of blood flow, enables the Fick method to be used for estimating quantities of substances used or produced by the muscle. These studies are easily performed in the conscious subject. Fig 1 is a drawing made from a dissected antecubital fossa to show the connexion between deep and superficial veins which enables the sampling of muscle venous blood; twenty-two fosse were dissected. No two were the same in appearance but in twenty-one a probe or catheter would have passed directly into a vena comitans of the radial, ulnar or interosseous artery. In one dissected fossa no deep branch was found.
The manufacture of fine polyethylene and nylon tubes has made it possible to insert a catheter into the penetrating vein and thus to sample blood directly from deep veins. Fig 2  shows the way in which the forearm is prepared for study, with a plethysmograph for measuring blood flow and a catheter in a deep vein. Before describing the results obtained by the various workers who have used this preparation, some of the objections and difficulties of the method must first be considered. The deep forearm veins drain tissues other than muscles. The returning blood from the hand is excluded by stoppincg all circulation to the hand. The small con- plethysmograph cuffs and intravenous catheter in place. The upper cuff is inflated to 60 mm Hg to measure blood flow and the lower one to 180 mm Hg to prevent the sampling ofbloodfrom the hand tributions from normal bone and from nerve, connective and adipose tissues cannot be avoided and the latter will be of importance in studying fatty acid metabolism. The blood may not be in equilibrium with tissue fluid or intracellular water. Thus during a glucose infusion a substantial part of the glucose leaving the arterial blood is passing only into the tissue fluid. If the rate of lactic acid production were to increase, some of this would be retained in cell and tissue fluid water, displacing CO2 from the bicarbonates, thus producing a spurious rise in tissue R.Q.
The objections and advantages of the principal ways of measuring blood flow are set out in Table  1 . No method is ideal, though on balance I prefer the venous occlusion methods. The only method that can give a direct value of muscle blood flow is blood apart are easily obtained for oxygen. With an A-V difference of 5-10 vol. % the analytical error is <4% of the observed value. Nothing like this degree of accuracy can be obtained with glucose. 7 5 mg is chemically equivalent to 10 ml 02. Duplicates less than 2 5 mg% are not easily achieved and the error is therefore large in pro-10 12 14 portion to the expected A-V difference in the fasting state. After a meal or after glucose the error becomes a much smaller proportion of the rearm bloodflow observed difference.
Having outlined these objections and difficulties, we can now consider what has actually been achieved with the forearm preparation, the work that of measuring an indicator concentration curve in the deep venous blood after a rapid arterial injection of indicator. A continuous sampling and recording system would be needed to make this a practicable method, together with a suitable indicator substance. It is obviously preferable, whichever of the other methods are used, to make some sort of allowance for the cutaneous component of flow. That based on the relationship between the total flow and that remaining after the iontophoresis of adrenaline into the skin is the most rational Edholm et al. 1956 ). Fig 3 shows the results obtained by these workers, total flow being plotted against muscle flow.
Apart from these fundamental objections to the techniques used in studying the metabolism of the forearm some practical difficulties have occurred. In threading a catheter upstream, valves are frequently encountered. If a valve is met in the communicating vein and the catheter tip lies outside it, then it is not possible to avoid contaminating blood samples with superficial vein blood. Difficulty occurs if the catheter tip lies in the sinus between the valve flap and the vein wall. Inserting the catheter into a superficial vein can be confirmed by palpation through the skin, but an X-ray is the only certain way of checking the catheter's position. If the tip lies in a large vein and is not close to a valve as much as 5 ml of blood can be withdrawn without hkmolysis in one minute.
Venous occlusion above the elbow might be thought to aid the sampling of blood, but it has been shown that when this is done blood from the superficial veins passes rapidly into the deep vessels and mixes with the samples (Coles et al. (1958) .
In the majority of studies it is necessary to obtain arterial, or near-arterial blood. Sampling at present in progress and what might be done in the future. Table 2 shows the results of°2 uptake obtained by different workers. These have all been recalculated from the observed A-V differences and total flow by the method of . It is notable that three sets of workers obtain almost the same result and that others, working with lower plethysmograph temperatures obtain lower values. In 1939, Holling did not use a catheter but advanced a needle tip from the median cubital vein as far as he could into the mouth of its penetrating branch. The 02 uptake of the whole muscle mass of the body, using a value of 0-27 ml/100 ml muscle/min, is equivalent to 30% of that of the whole body, about the same as the combined 02 uptake of gut and liver.
Mottram has used his results, in which 10-30 observations have been made on single forearms (but not all on one occasion), to investigate the relationship between 02 uptake and its two determinant parameters. He found first that 02 uptake in any one arm was not constant and therefore that blood flow and A-V uptake did not vary inversely with each other, and secondly, that in 13 out of 16 arms 0°uptake was related directly to A-V 02 difference as is shown in Fig 4 . Mottram (1958) speculated concerning the minimum venous blood 02 tension, below which diffusion of O2 to the tissue would be deficient and arrived at a figure of about 20 mm Hg. Scherrer & Monod (1960) have found in the venous blood from working forearm muscle that the efferent blood P02 falls to and remains at this level, independently of the severity of the work done.
This forearm preparation is also being used to study many other aspects of the skeletal muscle metabolism, in fasting and in fed subjects, by day Table 3 The uptake or production of various substances by the forearm muscle Value /1oom/ Substance muscle/min Authors Remarks Potassium 26-5 iAg Andres et al. (1957) Table 3 shows values obtained in fasting state.
The basal state has been modified in various ways, and the effects on the metabolic behaviour of the muscle investigated.
Glucose uptake after a large breakfast was studied by Brown & Mottram (1959) . Fig 5 shows the course of both arterial and venous levels during the three and a half hours following the meal. The most remarkable aspects are the sharp fall that occurs in both levels one-and-ahalf hours after a meal, the large size (up to 60 mg %) of the A-V difference at this time and the depression of venous blood glucose below the fasting level. There may be little further change in arterial level for two hours following the drop at one and a half hours.
It has also been measured during an infusion of glucose, though in this case the calculation included passing from blood into the tissue fluid space. Brown et al. (1959) amount that entered this space after a rapid injection of glucose (Fig 6) . During the first ten to twenty minutes after the injection started the A-V differences were up to 200 mg %, but by the end of this time had fallen to the fasting level, and afterwards to zero. Most of the glucose that left the blood in the forearm had entered the tissue fluid space. The later muscle uptake proceeded at 06-1 -0 mg/min/100 ml muscle.
Other lines that have already been started include the effect of the adrenal cortex hormones on P04 and glucose uptakes (Mills & Thomas 1959) , the effect of insulin on glucose uptake (Hardwick et al. 1959 ) and some of the effects of local muscular exercise. In this method we thus have a tool which has already been used to study some aspects of human tissue metabolism in vivo, and with which much more work can be performed.
